This study records the fourth consecutive year of high winter losses in managed honey bee (Apis mellifera) colonies in the USA. Over the winter of 2009-2010, US beekeepers responding to this survey lost an average of 42.2% of their colonies, for a total loss of 34.4%.
Introduction
Over the last few years, high rates of overwintering mortality have been reported in honey bee (Apis mellifera) colonies in many European and North American countries (vanEngelsdorp et al., 2008 (vanEngelsdorp et al., , 2010 Currie et al., 2010; Neumann and Carreck, 2010; Nguyen et al., 2010) . In the USA specifically, high overwintering losses (32%, 36%
and 29% for the winters of 2006-2007, 2007-2008, and 2008-2009, respectively ) have been reported (vanEngelsdorp et al., 2007 (vanEngelsdorp et al., , 2008 (vanEngelsdorp et al., , 2010 .
It is clear that these losses have not resulted in a pronounced decrease in the number of honey producing colonies managed by US beekeepers in the subsequent summers (USDA-NASS, 2009 ). In fact, the 2007 US Agricultural Census, a survey conducted once every five years, reported a dramatic increase in the number of colonies managed on 31 December 2007, as compared to the total number of honey producing colonies enumerated the preceding summer (USDA-NASS, 2009 ). This apparent discrepancy may be explained by beekeepers who, fearing heavy losses, overwintered larger numbers of colonies to better ensure that they would have enough colonies to meet spring's pollination demands (vanEngelsdorp and Meixner, 2010) . Beekeepers can easily increase the number of colonies they manage by either purchasing package bees or splitting existing hives.
A recent survey of Pacific Northwest beekeepers revealed that in both 2008 and 2009, beekeepers replaced more colonies than they lost in the preceding winter (Caron et al., 2010) . The reason for the high level of losses is not completely understood. Whilst annual overwintering loss surveys are not designed to identify factors responsible for losses, each survey has asked beekeepers to self-identify the reasons why they believe they experienced high losses. Among the most mentioned factors have been queen failure, starvation and the parasitic mite Varroa destructor (vanEngelsdorp et al., 2007 (vanEngelsdorp et al., , 2008 (vanEngelsdorp et al., , 2010 . While not conclusive, these self-identified causes of mortality do suggest that a multitude of factors are contributing to colony mortality, and so suggest that efforts aimed to reduce losses will likely need to be as diverse as the causes.
In keeping with previous years' efforts, this survey's objective was to quantify the mortality of overwintered colonies in the USA over the winter of [2009] [2010] . Here, we compare the rate of loss by operation size and activity, and also quantify the suspected reasons for loss as reported by the surveyed beekeepers.
Materials and methods
An email soliciting responses to an online survey posted at Surveymonkey.com was sent to state apiarists, presidents of national and state beekeeping organizations, and to online beekeeping lists.
This email encouraged beekeepers to forward the request to other beekeepers that they knew. In addition to the state apiarists, 43 different state and county beekeeping organizations were contacted, and 42 of these agreed to forward the survey request to their distribution lists. Because of the nature of this approach, the exact number of beekeepers contacted cannot be calculated but based on the subscription rates of electronic list serves such as BEE-L and Catch the Buzz, it can be assumed to be above 20,000 (Flottum 2010) . In an attempt to compare the web-based survey results with past efforts, the USDA also contacted commercial beekeepers by phone and asked the same questions. Beekeepers were given the option to provide their email address if they were interested in seeing the results of the survey effort. In addition to recording the survey responses, the web-based survey tool also recorded the IP address of respondents. In all cases, except for question 1, the survey called for beekeepers to type in their answers (i.e. possible answers were not provided). Thus, responses to question 8 were categorized into broad groups (e.g. lack of food = starvation) for analysis. Beekeepers were assigned to operational size groups by the following criteria: beekeepers managing 50 or fewer colonies were classified as "backyard beekeepers"; those managing between 51 and 500 colonies were classified as "sideline beekeepers"; and beekeepers managing 501 or more colonies were classified as "commercial beekeepers".
Calculations and statistical analysis
Total colony losses were calculated for each reporting operation, for the sum total of all respondents, and for various subgroup classifications. Total losses were calculated by first calculating the total number of monitored colonies at risk of dying over the period (colonies 1 October (Q2) + colonies split or purchased (Q4) -colonies sold (Q5)). The total colonies that died over the period (total monitored colonies -total colonies 1 April (Q2)) was then divided by the total monitored colonies multiplied by 100%. To account for the nested nature of total loss data, the standard error of the intercept of a null General Linear Model with quasi-binomial family error distribution was used to calculate the confidence limits for total loss data (McCullagh and Nelder, 1989; R development Core Team, 2009 (code provided by Y Brostaux and B K Nguyen; pers. communication)).
The mean of individual operation losses was calculated to determine the average loss among subgroups and 95% confidence intervals (CI) were also calculated (SAS, 2007) .
Comparisons of total losses between different groups of operations were conducted using the chi-square test. When more than two groups were compared within a test, pair-wise comparisons between groups were conducted. When multiple comparisons were made, the α used to reject the null hypothesis was adjusted appropriately (Abdi, 2007) . Comparisons of average operational losses were made using the Kruskal-Wallis rank sum test. Only significant results (P < 0.05) are reported. 
Results

Average and total losses National losses
The web-based survey recorded 4,284 responses, of which 4,262 provided all of the information needed to quantify overwintering losses. Of these, 34 respondents gave responses that suggested their losses were less than 0%, so these respondents were excluded. In all, 85 distinct IP addresses were used more than once to submit responses; of these, 24 responses were clearly duplicate data and were also excluded. 
Losses by state
There was considerable variation in both the average ( 
Losses by operation classification
Average losses suffered by commercial beekeepers tended to be lower than that suffered by sideline and backyard beekeepers, but this difference was not significant (Table 2 ). There was, however, a difference in the total losses suffered by these groups (χ 2 = 2,125, d.f. = 2, P < 0.0001; Table 2 ). Pairwise chi-square comparisons of total loss data suffered by the sub-groups revealed that sideline beekeepers suffered the largest total loss as compared to all other groups, while the total losses suffered by commercial beekeepers was the lowest.
Fewer than 4% of survey respondents reported maintaining colonies in more than one state. There was no difference in the average loss experienced by those beekeepers who maintained / did not maintain colonies in more than one state (P > 0.9). The two groups did differ, however, in the total losses reported (χ 2 = 731, d.f. = 1, P < 0.0001).
Total losses experienced by beekeepers maintaining colonies in more than one state (33.6% (95% CI: 30.5-36.8%), n = 469,962) was lower than the total loss experienced by beekeepers maintaining colonies in only one state (38.3% (95% CI: 37.5-39.1%), n = 102,787).
Fewer than 2.5% of responding beekeepers reported moving at least some of their operations into almonds for pollination during the survey period. On average, beekeepers pollinating almonds moved 80.4 ± 2.94% (n = 460,607) of their colonies into the almond orchards. The average loss experienced by beekeepers who moved or did not move 4 vanEngelsdorp, Hayes Jr., Underwood, Caron, Pettis bees into almond orchards for pollination was not different (P > 0.2).
Beekeepers who pollinated almonds experienced lower total losses than those not pollinating almonds (χ 2 = 6,332, d.f. = 1, P < 0.0001; Table 3 ).
On average all responding beekeepers moved their colonies 0.31 Table 1 ). States which had fewer than six responders (n.a.) are not included.
Fig. 2.
Total colony losses by state. Operations who reported managing colonies in more than one state had their losses included in all of the states in which they reported managing colonies (see Table 1 ). States which had fewer than six responders (n.a.) are not included. Table 2 . Average and total losses suffered by beekeepers grouped by the size of their operation. * indicates a significance difference between groups. Different letters in different rows indicate differences between groups in pair-wise chi-square comparisons (P < 0.0001). Table 5 . Total loss experienced by different beekeeping operations groups classified by operation size and by self-identified leading cause or causes of mortality. *indicates total loss significantly different (Bonferroni-corrected P < 0.006) than total loss experienced by group; chi-square test.
Operation
Acceptable losses
Surveyed beekeepers were asked "What percentage of loss, over this time period, would you consider acceptable?" On average, responding beekeepers (n = 3,979) reported that a winter loss of 14.5% (95% CI: 13.9-15.1%) was considered acceptable. Sixty-five percent of responding beekeepers experienced losses higher than that which they considered acceptable. The average losses experienced by this group were higher than the average loss experienced by those who had losses below that which they considered to be acceptable (61.6% (95% CI: 60.6-62.5%) vs. 6.9% (95% CI: 5.6-8.3%) respectively; χ 2 = 2,301, d.f.= 1, P < 0.0001).
Perceived causes of losses
Seventy percent of responding beekeepers answered the question "To what do you attribute the cause of death for the colonies that died?"
Of these, 413 responded that they did not know. Beekeepers listed eight different potential causes of winter mortality most frequently (Table 5 ). The frequency with which these causes were listed by beekeepers differed between beekeeper groups when classified by operational size. For instance, 31% of all beekeepers listed "starvation" as a leading cause of mortality. While starvation was the most frequently listed self identified cause reported by backyard and sideline beekeepers, only 18% of responding commercial beekeepers mentioned starvation as an important cause, ranking it below poor queens, mites, CCD, and pesticides for this sub-group of beekeepers.
Total losses suffered by beekeepers reporting starvation as an important factor were lower than the total loss suffered by responding beekeepers overall (Table 5) . Pesticides were considered an important cause of mortality by only 3% of all responding beekeepers, but 21% of responding commercial beekeepers listed pesticides as an important cause, ranking it as the third most frequently mentioned cause by this group. The total losses experienced by those listing pesticides as a cause of mortality was higher than the overall total 8 losses reported by all responding beekeepers and subgroups of beekeepers (Table 5 ). The average loss experienced by all those listing pesticides as an important cause of mortality was no different than the average loss experienced by beekeepers not reporting pesticides as an important cause (Table 6 ). While average losses were also similar between those reporting CCD as a principle cause of loss and those not reporting CCD, for all other factors differences were noted. Beekeepers listing starvation, weak colonies in the fall, mites, queens, and nosema as a principal cause of mortality lost, on average, fewer colonies than those not reporting the condition. Only those reporting weather as a major contributor to their winter losses had higher average losses than those that did not (Table 6) .
Discussion
This survey records the fourth consecutive year of overwintering colony losses well above the level US beekeepers consider acceptable. numbers of times colonies were moved the previous year and total or average colony losses, all told our data do not support the hypothesis that moving colonies causes increased mortality (Oldroyd, 2007) . If transporting colonies does indeed have negative effects on colony health, these data suggests that these effects can be mitigated by beekeeper management.
While larger operations had lower total losses when compared to smaller sized operations (Table 2) , larger operations were also more likely to report having some of the colonies in their operation die with colonies and apiaries absent of dead bees (Table 4 ). This symptom is one of the defining characteristics of CCD, and as in previous years, those losing some of their colonies to this condition experienced greater total losses than those not reporting the condition (Table 5 ).
Responding beekeepers most frequently self identified "manageable" conditions, such as starvation, poor weather, and weak in the fall, as the leading causes of mortality in their operations (Table   5 ), but there was a distinct difference in how beekeepers of different sized operations answered this question. Commercial beekeepers were much more likely to identify non-manageable conditions, such as poor queens and pesticides as leading causes of their losses. While V.
destructor remained a concern for all beekeepers, it ranked as the second most frequently self-identified cause among commercial beekeepers, and total losses experienced by those identifying mites as a leading cause of mortality were elevated. These differences between groups suggest that extension efforts aimed at curbing high overwintering losses should not be uniform and should be tailored to specific apicultural subgroups.
In summary, this survey effort once again records high rates of mortality in overwintering colonies in the US. Losses suffered by smaller sized operations were higher than the losses suffered by larger operations, even though larger operations were more likely to report having some of their losses occur in the absence of dead bees in the colony or apiary, a defining symptom of CCD. While smaller operations were more likely to self-identify manageable conditions as the cause of mortality, larger operations were more likely to report non-manageable conditions such as queen failure and pesticides as the leading cause of mortality.
These results all point to the continuing need to describe colony losses on an annual basis. Concentrated efforts aimed at understanding the underlying causes of these losses are also needed.
